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ABSTRACT

Therecert impressve progessin reeachongibberellin (GA) biosynthess has
reaulted primarily from cloning of geresenmding biosyrthetic erzymes and

studies with GA-ddficient and GA-insensitive mutans. Highlights include the
cloning of ert-copdyl diphogphaesyrthaseand entkaurenesyrthase(formaly

entkaurenesynthases A and B) andthedemongrationtha theformer istargeted

to the plastd; the finding thatthe Dwarf-3 gene of maze enmdes acytochrome
P45Q although of unknown function; andthe cloning of GA 20-axidaseard

3B-hydroxylase genes Theavailability of cDNA and geromic clones for these
enz/mesis erabling the medanismsby which GA corcentrationsareregulated

by environmentd andendgenousfactors to be studied at the mokaular level.

For exanple, it has bean shown that transaipt levels for GA 20-axidaseard

3B-hydroxylase aresulject to feedback requlationby GA adion ard, in thecase
of the GA 20-oxidas, are requlated by light. Also discussal is other new
informaion, paticularly from mutarts, tha has adédto our undestarding of
thebiosynhetic pahway, theerzymes, andther regulation ard tissudocaliza-

tion.
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INTRODUCTION

The gibberellin(GA) hormonesactthroughoutthe life cycle of plants,influ-
encingseedgerminaton, stemelongation flower induction, antherdevelop
ment,andseedandpericarpgrowth. Furthermorethey mediatenvironnental
stimuli, which modify the flux throughthe GA-biosynthett pathway Regula
tion of GA biosynthess istherefore of fundamentahportanceo plantdevet
opmentand itsadaptatiorto theenvironment.

The last review of GA biosyntesisin this series,by Graebe(38), was
followed by severakeviewscoveringthis topic (68, 75,121). Graebés article
focusedon GA-biosyntheic pathwaysin cell-free systemscharacteristic®f
biosyntheic enzymesand factorsaffecting GA production.He predictedac
curately that the main topic of the next review in this serieswould be the
cloning and characterizatioof genesfor the GA-biosynhetic enzymesSew
eralof the enzymes haveow beercloned, and thavailability of theircDNAs
is providing new and often unexpectednformation on the nature of these
proteins.For example,someof the enzymescatalyzemultiple stepsin the
pathway.lIt is alsonow possilte to investgatethe mechanismby which GA
biosynthess is regulatedin responseo environmentaland endogenousig-
nals.

In light of theseexciting advancesa new review on GA biosynttesisis
appropriateAs is usualpractice we discusshe biosyrthetic pathway,shown
in Figuresl and2, in threesectionsaccordingto the natureof the enzymes:
terpenecyclasesnvolvedin entkaurenesynthesismonooxygenasesanddi-
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Figuel Early GA-biosyntheic pahwayto GAiz-aldehyde.GGDPIs producedin plastids by the
isoprerid pahway, originaing from mevabnic acidor, possibly, pyruvateglyceratielyde 3-phos-
phate.

oxygenasesWe alsoincludediscussbnson regulationandsitesof synthess.

Werestrictourselvego higherplants,becaus&A biosynthess in otherorgan

isms, principally fungi andferns,is not aswell understoodHowever,future

phylogeneticcomparisonsetweenGA biosyrthesisgenesin all organisms
shouldbe instructivein determinng the origin of GAs. Much of the current
progresson GA biosyrthesishascomefrom work with mutans, which has
beencoveredcomprehensivelyn severareviews (98, 99101,105) ands not
dealt with specifically here. Someof the better characterizedsA-deficient
mutants,with the position of lesions,are given in Table 1, which also lists

cDNA clones for biosytheticenzymes.

entKAURENE SYNTHESIS

entKaureneis synthesizedby the two-step cyclization of geranylgeranyl
diphosphate(GGDP) via the intermedia¢, entcopalyl diphosphate(CDP).
The enzymesthat catalyzethesereactionsare referral to asthe A and B
activities, respectively,of entkaurenesynthase(formerly entkaurenesyn
thetase).However, we adopt the more logical nhomenclatire proposedby
MacMillan (75). Thus, the conversionof GGDP toCDP is catalyzedhby
entcopalyl diphosphat synthasg(CPS)and of CDP to entkaureneby ent
kaurenesynthase(KS). The biosynthess of GGDP from mevalonicacid is
commonto manyterpenoidpathwaysandis coveredn thereviewby Chappell
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Figure 2 Gibberelin-biosyrthetic pahwayfrom GAz12-aldehyde.

(13). Recently,a nonmevalona pathwayto isoprenoidsjnvolving pyruvate
and glyceraldehyde-3-phosple, has been proposedin green algag112).
Suchapathway may operate plastidsof higherplants, giverthedifficulty in

demonstratig theincorporatiorof mevalonaténto isoprenoid in theseorgan

elles.
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Tablel MutartsandcDNA clonesfor GA-biosyntheic enzymes

Enzyme Plart Mutant Referewes cDNA Database
cloning

CPS Arabidopsisthaliana al 63 124 U11034

Zeamays nl 53 9 L37750

Pisum saivum Is-1 128 2 U63652
Lycopersiconesculetum  gib-1 10 —

KS Cucubita maxima — — 147 U43004
A.thaliana ga2 150 —
Z.mays d5 48 —
L. esculetum gib-3 10 —
entKaurere P. safvum Ihi iy A—
oxidase A.thaliana ga3 150 —
Oryza sava dx 89 —

Monoxy- Z.mays d3 28 144 U32579
gerase P. saivum na 49 —

GA 20 C. maxima — — 71 X73314

oxidase A.thaliana gab 129 146 u20872

u20873

U20901

A.thaliana — — 92 X83379

X83380

X83381

P.saivum — — 77 X91658

31 u70471

P.saivum — — 73 U58330

Phaseolisvulgaris — — 31 u70530

U70531L

U70532

O. sativa — — 137 u50333

Spnaciaoleracea — — 145 U33330

GA 3p-hy- A.thaliana gad 129 14 L37126
droxylase Z.mays dl 28 —
O. sativa dy 59 —
P.saivum le 50 —
Lathyrusodoratus | 106 —
GA 2-oxidases P.saivum sin 108 —

CPSand KS werefirst separatedy anion-exchangehromatographyon
extractsof Marah macrocarpusendospern{23). Therewerealsoindications
for the involvementof two enzymesfrom studieson GA-deficientmutans;
work with cell-free extractsof youngfruits suggestedhat the dwarf tomato
mutantsgib-1andgib-3, havelesions aCPSandKS, respectively(10). Using
anentkaureneoxidaseinhibitor to estimae ratesof entkaurenebiosynthess,
a methodfirst usedwith germinatingbarley grain (40), Zeevaart& Talon
(150) demonstratedhat the nonallelic gal and ga2 mutantsof Arabidopsis
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were both defective inentkaurene productionwhereasga4 and ga5 are
blockedlater inthe pathway129).

ent-CopalyIDiphosphae Synthase

Koornneefet al (63) constructed fine structuregeneticmapof the Arabidop
sisGA1llocususingnineindependengalalleles threeof whichweremadeby
fastneutronbombardnrentandtherestby treatmentvith ethylmettanesulfon
ate(EMS). Among thefast-neutron-generatedutans, gal-3containsalarge
deletion (5 kb) andfailed to recombinewith the EMS-treatedmutants(63).
Sunet al (123) usedgal-3to clonethe GAl locus by genomicsubtraction.
Cosmid clones containing wild-type DNA inserts spanningthe deletionin
gal-3 complenentedthe dwarf phenotye when integratedinto the gal-3
genomeby T-DNA transformatio. GA1 cDNA containsa 2.4-kb openread
ing frame, which was shown by functional analysisto encodeCPS (124).
Escherichiacoli co-transformedvith a bacterial GGDP synthasegene(12),
and the GA1 cDNA producedCDP, from which copalol was identified by
combined gas chromatographyassspectrometry (GC-MS) aftedkaline hy
drolysis. Although gal-3 contains alarge deletion andgenomic Southern
analysisindicatedthat GAl is a single-copygene,the mutantproducesiow
amountsof GAs (150), suggestig that thereare GA1 homologwesin Arabi-
dopsisor thereis an alternativepathwayfor entkaurenesynthess. A similar
situationexistsin maize,from which the An1(Antherear-1) locuswascloned
by transposortagging(9). The predictedaminoacid sequencef An1 cDNA
shareshigh sequencedentity (51%, without transit peptide sequenceith
thatof the GA1 protein.A homozygousleletionmutantof Anl,an1-bz2-6923,
accumulateeéntkaureneo 20% of the wild-type content,indicating the pres
enceof isoenzymesFurthermorea putative homolaous cDNA, An2, was
clonedby RT-PCR (8). At leasttwo different GA1 homologies have been
obtainedfrom tomab seedlingsby RT-PCR using oligonucleotide primers
basedon ArabidopsisandmaizeCPSsequence$R Imai, personakcommunt
cation). It appearstherefore,that leakinessof the gal-3 and anl deletion
mutantss due tothe presencef other CPSs.

TheLs locusof peawasshownto encodeCPS.Thels-1 dwarf mutanthad
reducedCPSactivity in a cell-freesystemfrom immatureseedg127). Confir-
mation was obtainedafter cloning a CPSfrom peaby RT-PCR,its identity
beingconfirmedby expressionn E. coli of a glutathione S-transferasésion
proteinwith CPSactivity (2). Thels-1 mutaton, producedby EMS treatment,
is dueto a G-to-A substitition at an intron-exonborderthat causesmpaired
splicinganda frameshifin thetranscript(2).
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ent-KaureneSynthase

entKaurenesynthas€KS) waspurified from endospernof pumpkn (Cucur
bita maximg (110), which is arich sourceof GA-biosyntheic enzymeg38).
The enzyme,which had a predictedM, of 81,000,requireddivalent cations,
suchasMg?*, Mn2*, and Co?*, for activity and had an optimal pH rangeof
6.8—7.5(110). The K, for CDPwas0.35uM. Purificationof KS wasquickly
followed by its molecularcloning (147). PCRwas usedwith degenerateli-
gonucleotidesdesignedrom aminoacid sequencesf the purified protein,to
producea cDNA fragmentfor library screening.The isolated full-length
cDNA was expressedn E. coli as a fusion protein, with maltose-bindig
protein, which converted[sH]CDP to ent[3H]kaurene.The KS transcriptis
abundantn growingtissies,suchasapicesanddevelopingcotyledonsandis
presentn everyorganin pumpkin seedlingsAlthoughit is difficult to com
pare mRNAabundance across specieésppears thaS is expressed ahuch
higherlevelsthanis CPS.WhereasCPStranscriptsareundetectablén leaves
of Arabidopsis(124) and pea(2) by northernblot analysis,requiring RNase
protectionassayqA Silverstone& TP Sun,personakommunication)or RT-
PCR, respectively KS mRNA, thoughof low abundance¢anbe assayedn
pumpkinleavesby northernhybridization(147). This is consistentvith strict
regulationof thefirst stepof entkaurenesynthess fromthe abundan&GDP.

The deducecaminoacid sequencef KS sharessignificanthomolayy with
otherterpenecyclasegFigure 3A), with highesthomolog/ (51% aminoacid
similarity) with CPSfrom Arabidopsisand maize.It containsthe DDXXD
motif, which is conservedn casbenesynthasg81), 5-epi-aristolochenesyn
thase(24), andlimonenesynthas€17),andwhichis proposedo functionas a
binding site for the divalentmetalion-diphasphatecomplex(13). CPSlacks
the DDXXD motf, consistentvith its catalytic activitynot involving cleavage
of the diphophate group.

SubcellularLocalizationof ent-Kauren&ynthesis

Althoughtherehasbeenevidenceor entkaurenesynthesisn plastidsfor over
20years(reviewedin 38), unequivocatonfirmationof this hasbeenprovided
only recently.By preciseuseof markerenzymeso asses®lastid purity and
GC-MSto identify enzymeproducts Aach et al (1) clearly demonstratethat
CPS/KSactivity (GGDP to entkaurene)is localizedin developingchloro
plasts from wheateedlingsandleucoplass from pumpkin endosperm. Mature
chloroplastscontainedlittle activity. Theseresults were supportedby the
recentcDNA cloning of CPS (124) and KS (147). The first 50 N-terminal
amino acids of the GA1 protein (ArabidopsisCPS) are rich in serineand
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Figure 3 Phylogenett trees,producedusing the PHYLIP paclage(J Felsestein University of
Wastington, Seate), for (A) terpenecyclasesincluding entcaopalyl diphosphatesynhase(CPS)
andentkauenesyrthase(KS), and(B) GA 20-oxidasesRefereire numbes areshowvn in paren
theses(Saurces®R Craeauetal, unpublished daa; PNEJ Appeford, JR Lerton, AL Philips & P
Hedden,unpublisheddat; “DA Ward J MacMilan,AL Philips & P Hedcen,unpublisheddata)
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threoninewith an estimatedpl of 10.2 (124). Such propertiesare common
featuresf precursor®f manychloroplast-localiedproteins,suchasthesmall
subunitof Rubisco(54). Thetransitpeptideis cleaved on entrinto the plastid
to producea functionalmatureprotein.Incubationof a35S-IabeIedArabidop
sispre-CPSof 86 kDa with isolatedpeachloroplastgesultedin transportinto
thechloroplastsandprocessindo a 76-kDaprotein(124). Thededuced amino
acid sequencef KS alsocontainsa putativetransitpeptide,althoughimport
into chloroplastould notbe demonsated (147).

Plastidsarethe major site of productionof GGDP,andmostof the GGDP
synthases cloned plantshavetransitpeptides foplastid transport6). Locak
izationof GGDPsynthasdrom Capscumannumin plastids hasbeendemon
stratedimmunocytochemicajl (64). GGDPis a commonprecursorfor many
plastid-localzedterpenoidsincluding carotenoidsandthephytol side-chairof
chlorophyll. Overexpressiomf phytoenesynthasewhich convertsGGDP to
phytoenejn transgenidomab resultedin alower chlorophyll contentthanin
wild-type plantsanda dwarf phenotypehatwaspartially reversedy applying
GA3 (27). The endogenou$sA concentrationsn apical shootsof the trans
genic plants were reducedto about 3% of that in wild-type shoots.If, as
suggested?27), overproductionof phytoenehasdepletedGGDP content,re-
sulting in reducedsynthesisof GA andchlorophyl, the threepathwaysmust
share the sanm@ool of GGDP and thube interdependent.

MONOOXYGENASES

The highly hydrophobic entkaurene is oxidized by membrane-bound
monooxygenase® GA1,. TheenzymesequireNADPH andoxygenand,on
the basisof the early demonstratiorthat entkaureneand entkaurenaloxida
tion are inhibited by carbonmonoxidewith reversibility by light at 450 nm
(86), areall assumedo involve cytochromeP450.The involvementof cyto-
chromeP450in entkaurenoicacid 73-hydroxylasein the fungusGibberella
fujikuroi hasnow alsobeenshown(51). At leastoneof theenzymegGA>-al-
dehyde synthasé associatedavith the endoplasmaireticulumin peaembryos
andpumpkin endospern{37), requiringtransportof entkaurenepr perhapsa
later intermedia, from theplastid.

SeveralGA-deficient dwarf mutantsare defectivein entkaureneoxidase
activity. In pea,thelh' (Ih-2) mutaton affectsstemelongationrandseeddevet
opment(125-127) Cell-freeextractsfrom immaturelh-2 seedsveredeficient
in entkaureneoxidase activityelative towild-typeseeds; théhree steps from
entkaureneto entkaurenoicacid were affected,suggestig that a singleen
zymemight catalyzethesereactiong127). However,unequivocalerification
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of this mustawait the availability of pureenzymebecause regulatoryfunc-

tion for Lh cannotbe excluded.The Tan-ginbozumutantof rice (dx) is prob-

ably also deficientin entkaureneoxidaseactivity (89). Application of uni-

conazolean entkaureneoxidaseinhibitor, mimicsthe phenotypeof Tan-gin

bozu and producesendogenousGA concentrationssimilar to thosein the
mutant(89). Becaus®f growthresponseto appliedentkaureneTan-ginbozu
(85) and also In (49) were thought previously to have lesions before ent

kaurenesynthesisTherecentfindings (89, 127) indicatethatsuchapplication
experimentsnay give miskading results.

Although lessprogresshasheenmadewith the monooxygenaseshanwith
theother enzymes, the recavning ofthe Dwarf-3 (D3) geneof maize (144)
shouldenablerapid progressn characterizinghis groupof enzymesThe D3
gene,obtainedby transposornagging,wasfound, on the basisof its deduced
aminoacid sequenceto encodea memberof a new classof cytochromeP450
monooxygenases with closest homology to sterol hydroxylases. Unfortu-
nately, thereis uncertaintyaboutthe step catalyzedby the D3 protein (BO
Phinney,personalcommurncation), althoughthis shouldnow be revealedby
functionalexpressiorof thecDNA in a suitabé heterologousystem.

DIOXYGENASES

The enzymesnvolvedin the third stageof the pathwayare solubleoxidases
thatuse2-oxoglutarateasa co-substrateThese2-oxoglutrate—dependei-
oxygenasebelongto a family of nonhemere-containingenzymeghat have
beenthe subjectof severalrecentreviews (20, 94, 95). The enzymesshow
considerablaliversity of function, but they are clearly relatedon the basisof
conserved aminacid sequences.

The reactionsknown to be catalyzedby 2-oxoglutarate—dependedioxy-
genaseareshownasa networkof pathwaysn Figure2. Although theywere
originally delineatedin developingseeds(38), both 13-hydroxgltion and
non-13-hydroxylabn pathwayshave now beendemonstatedin vegetative
tissues(41, 60). The individual stepshetweenGA1,-aldehydeand GA3 and
GAg weredemonstratedh intact maizeshootsby applying eachisotopically
labeledintermedateandidentifying its immediate metabolie by GC-MS (30,
60). Both pathwayswere observeth a cell-freesystemfrom embryos/scetla
of two-day-oldgerminatingbarley grain (41), althoudh GA4 was not identr
fied. The dioxygenasesn GA biosyrthesiswill now be discussedn detail,
with particularemphasin neweraspectsot coveredn thereviewby Lange
& Graebe (68).
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7-Oxidase

Oxidationat C-7 from an aldehydeto a carboxylicacid may be catalyzedby

either dioxygenase®r monooxygenase$umpkin endosperntontainsboth
7-oxidaseactivities (46), as doesbarley embryosgcutella(41). The dioxy-

genasectivity from pumpkn hasbeenpartially purified andshownto havea
very low pH optimum (72), whereaghe monooxgenasés mostactiveabove
pH 7 (46). The two typesof activity alsodiffer in their substratespecificities;
the monooxygnassds specificfor GA;>-aldehydewhereaghe solubleactiv-

ity oxidizesseveralhydroxylatedGA1,-aldehydederivatives(46). The pres

ence of both types ofenzymein a single tissue may indicate subcellular
compartmentatin of GA-biosynhetic pathways.

13- andl12a-Hydroxylases

As for GA 7-oxidase both dioxygenaseand monooxgenaseforms of these
hydroxylasediavebeendescribedThe soluble,2-oxoglutarate—deperdt 13-
hydroxylasedetectedn cell-freeextractsfrom spinachleaves(36) is still the
only exampleof adioxygenasewith this activity. 13-Hydroxylsesn pumpkn
endosperm(46, 69), developing pea embryos (52), and barley embryos/
scutella(41) are of the monooxygenaséype. The preferredsubstratefor the
13-hydroxylasess probably GA;,, althoughother GAs are hydroxylatedto
someextent. GAj>-aldehydeis 13-hydroxyhtedin embryocell-free systems
from Phaseolusoccineug140)andP. vulgaris (128a),indicatingthat GAss-
aldehydes anintermediatdn the 13-hydroxyhtion pathwayin thesetissues.
In the barleyembryos/scutedl system GA15 and GAy4 were 13-hydroxylated
at very low ratescomparedvith GA1, while GAg wasnot metabolized41).
Thisresultis simiar to thatfound previouslywith microsones from immature
peaembryos(52), but in this caseGA15 and GAg were hydroxylatedonly
whentheirlactonesvereopeneddy hydrolysis. Although“late” 13-hydroxyla
tion (on GAg or GA,) canoften be demonstated,it may be relatively ineffi-
cient and accompaniedy hydroxylaton at other positions on the C and D
rings (56). However, in some species,such as Picea abies (84), it would
appear to be thmajorpathway.

Both forms of the 12a-hydroxylases argresent in pumpkirseed, the
monooxygenashydroxylatng GA1,-aldehydg(GA1; is not a substrate)46),
whereasthe dioxygenaseusesa variety of GA tricarboxylic acid substrates
(69, 70). The monooxygenasehasa low pH optimum and may thus catalyze
part of the same pathway as the soluble 7-oxidase, for which 12a-hy-
droxyGA -aldehydes a substrateThe soluble 12a-hydroxylaseis sensitive
to the presencef phosphat€69) and was, therefore,undetectedn previous
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studiesin which phosphateratherthan Tris, buffer was usedto extractthe
enzymeg45). Becausephosphateemoveske by precipitaton, it would ap-
pear that thé&2a-hydroxylasehas an unusugilhigh requirementor Fe,

20-Oxidases

Formationof the C;o-GA skeletonrequiressuccessivexidationof C-20from
amethylgroup,asin GA1, or GAggz, throughthe alcoholandaldehyde from
which this C atom s lost as CO, (Figure 2). As discussedoelow, a single
enzyme(GA 20-oxidase)can catalyzethis reactionsequencealthoughthe
numberof enzymeghatareactuallyinvolvedin vivo is unknown.A 2-oxoglu
tarate-dependertioxygenasehat convertedGAs3 to GA44 and GA1g was
partially purified from 20-day-old developingembryosof P. sativum (67).
Although the proportion of the two productsremainedconstantthroughait
purification, it was uncertainwhethera single enzymecatalyzedboth steps.
Clear evidencethat GA 20-oxidasesare multifunctional was obtainedafter
purification of the enzymeto homogendy from pumpkn endospern(66).
The enzymeconvertedGA 2 to GA15 GAz4 and GAys, and GAsz to GAa,
GA19 and GA;7, with a small amountof putative GAyg producedat high
proteinconcentrationsGA» was convertedmore efficiently thanwas GAgs.
The productionof the tricarboxylicacids,GAos andGA17, is characteristiof
thepumpkn endosperncell-freesystem (69andindicateshatthe 20-oxidase
in this tissueis functionally different from that encounteredh othersystems,
which producgredominantl C;gGAs (52, 128a).

The purificationof the GA 20-oxidasdrom pumpkinwas quickly followed
by the cloning of a cDNA that encodedthis enzyme(71). The cDNA was
selectedrom an expressioribrary, derivedfrom developingembryos,using
antiserumagainsta peptidesequencdrom the purified protein. As well as
binding the antibodies the expressedusion protein was functionally active
andcatalyzedhe samereactionsasthe nativeenzyme The aldehydenterme
diate, GAy4, was convertedto both GAys and GAg, althoughthe latter was
obtainedin lessthan1% yield. The presencef hydroxyl groupsreducecdthe
efficiencyof conversionpy about50%in the caseof GA1g (13-hydroxylated)
and 95% for GAo3 (3B, 13-dihydroxyhted),althoughsmall amounsg of the
C19-GA productweredetectedn eachcase.The derivedaminoacidsequence
correspondso a proteinof 43.3kDa, which is closeto that estimatedor the
native enzymérom gel filtration(44 kDa), andcontains th&€onservedegions
found inotherplantdioxygenases.

The cloning of the GA 20-oxidasecDNA from pumpkin seedsnablecthe
isolationof homologus clonesfrom otherspeciesThe first examplesfrom
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Arabidopsis,wereobtainedindependenyl in two laboratorieg92, 146). Two
GA 20-oxidase cDNAs wergloned from thggal-3mutantutilizing PCR with
degenerate primedesignedrom the conservedminoacidsequences; third
cDNA clonewasfoundafterscrutinyof the DataBaseof Expresse@equence
Tags(92). Confirmatian that all threecDNAs encodedGA 20-oxidasesvas
obtainedby demonstratinghat the productsof heterologougxpressiorin E.
coli convertedGA12 to GAg and GAs3 to GAyg, with GA1» the preferred
substrate Small amountsof the tricarboxylic acids,GAss and GA17, respee
tively, wereformed but, in contrast the pumpkin enzymethe C1g-GAs were
the major products.Thus,theseenzymesappearedo be involvedin the bio-
synthesiof active GAs. It wasconfirmedthat at leastone of the isozymess
activein vivo whena genont cloneencodingoneof the GA 20-oxidasesvas
isolatedfrom Arabidopsisby probing a genomiclibrary with the pumpkn
20-oxidasecDNA (146).The clonemappedightly to theGA5locus,mutaton
of which resultsin semidwarfism(62) anda reductionin the concentrationsf
C19-GAs (129).Expressiorof the GA 20-oxidasegeness tissue-specifi, with
transcriptsdetectedrespectivelyjn stemsfloral apicesfloral apices/siljues,
and siliques (92). The silique-specific20-oxidasetranscriptis much more
abundantthan the others. The stem-specificgene correspondgo the GA5
locus,mutaton of which,in ga5,is dueto a G to A substituton thatintroduces
a prematurestop codon(146). Although the mutantproteinwould be highly
truncatedandunlikely to be catalyticaly active,the ga5 plantis semidwarfed
and containslow amountsof C1g-GAs (129). It mustbe assumediherefore,
that other GA 20-oxidasessuchasthat expressedn the floral apex,supply
GAs tothe stem.

Gibberelln 20-oxidasecDNAs havebeenclonedfrom at leastsevenspe
cies,with multiple genesfoundin severalof them.Their encodedcaminoacid
sequencesharearelativelylow degreeof sequenceonservationywith amino
acididentitiesrangingfrom 50—75%.The relationshipbetweernthe sequences
is shownin Figure3B. With the exceptionof the enzymefrom pumpkinseed,
the proteinshave very similar functions converting20-methyl GAs to the
correspondingglactones. Iis notablethattheenzymeclonedfrom develop
ing cotyledonsof Marah macrocarpus(J MacMillan & DA Ward, unpub
lished informatio) produces @g-GAs despitats being mostlosely related to
the pumpkin enzymeon the basisof sequencgFigure 3B). The structural
differencesthat determinewhetherthe 20-oxo intermediatesare oxidized to
C19-GAs orto tricarboxylic acids arlikely to besubtle. The20-oxidases from
pumpkin, Marah, and Arabidopsisprefer nonhydroylated substratego the
13-hydroxylatecanaloguesThis is consisentwith the typesof GAs foundin
the tisswesin which theseenzymesare presentFor example,GA4, which is
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not 13-hydroxyhted,is the majorGA in Arabidopsisshoots(129). In contrast,
a GA 20-oxidaseclonedfrom shootsof rice, in which 13-hydroxy Cog-GAs

arethe predominanforms (61), oxidizes GAs3 more efficiently thanit does
GA12(137).

Thereis evidencefor the presencén shoottissuesof GA 20-oxidasesvith
propertiesdifferent from thosethat have beenclonedso far. GA44 oxidase
activity from spinachleaveswas separatedy anion-exchangehromatogra
phy from GAsg3 oxidaseand GA1g oxidaseactivities, which co-eluted(35).
Thesdasttwo activitiesareinducedby transferof plantsto long days,whereas
GA44 oxidaseactivity is not photoperiod-sengve (36). The spinachGA44
oxidaseconvertghelactoneform of this GA (36),asdo cell-freesystemdgrom
peashoots(38) and germinatingbarley embryos(41), whereasGA 20-oxr
dasesfrom immature seedsrequire a free alcohol at C-20 for oxidation to
occur (45, 52, 128a).Detailedstudieswith recombinantGA 20-oxidasepro-
ducedby expressiorof oneof the ArabidopsiscDNAs in E. coli, revealed that
this enzymealso requireda free alcohol function and that oxidation of the
alcoholwasmuchslowerthanthatof the methylandaldehydesubstrate$47).
It seemdikely, thereforethata separatenzyme(sith ahigh affinity for the
20-alcohols perhapsasthe lactonesgexistsin shoottissues An enzymewith
similar propertiesto the ArabidopsisGA 20-oxidasehas beencloned from
spinachHeaveq145).0nthebasisof theactivity of the proteinafterexpression
in E. coli andits higherexpressiorin long daysthanin shortdays,it would
appeato correspondo the GAg3 andGA g oxidases that werabserved irthe
leaf homogenates.

An unexpectedifferencebetweenthe spinachGA44 oxidaseand the re-
combinantArabidopsisGA 20-oxidaseis in the stereospecifiecemovalof a
hydrogenatom during oxidation of the C-20 alcohol intermediateslt was
shown,using GAjsor GAs4labeled stereospecificallyith deuterium, thathe
Arabidopsisenzymeremovesthe pro-R H atom on conversionof the free
alcoholto the aldehyde(142). In contrast,GA44, asthe lactone,is oxidized
with lossof the pro-SH, by cell-freeextractsof spinachleaves.This observa
tion providesfurther evidencefor the existenceof a distinct lactoneoxidase;
the different stereochemisy of the reactionsis presumablydueto the fixed
orientationof C-20in the lactoneas opposedo it assumingan energetically
more favored conformatices the free alcohol.

3B-Hydroxyases and Related Enzymes

3B-Hydroxylationresultsin the conversionof the C1gGAs GAog andGAg to
GA1 and GAy, respectively,n the final stepin the formation of physiobgi-
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cally activeGAs. Thereis now increasingevidencehat,in commonwith GA
20-oxidasesgertainGA 3B-hydroxylasesnay be multifunctional. An enzyme
purified from developingembryosof P. vulgaris catalyzed2,3-desaturation
and 23-hydroxylaton reactions,in additionto 3(3-hydroxylation (115, 116).
GAp and GAg were aboutequally reactiveas substratesA 33-hydroxylase
from thesamesourcealsoepoxidizedGAs to GAg (65). Theenzymecoulduse
non-3-hydroxylatedCqg (y-lactone) GAs or 19-20d- lactone Cog-GAs as
substrateq65), the latter presumablyacting as structural analoguesof the
former, which are the natural substratesAn enzymethat 33-hydroxylated
GA15 to give GAz7 was patrtially purified from pumpkin endospern(72). It
did not possesdesaturaselthoughit was nottestedwith C1g-GAs.

The pumpkinGA 3[B-hydroxylasehasthe typical propertiesof a 2-oxoglu
tarate-dependerdioxygenasg72). In particular,it was possibé to demon
stratea 1:1 stoichiorretry betweertheformationof hydroxy GA andsuccinate,
once uncoupledoxidation of 2-oxoglutaratewas subtractedIn contrast,al-
thoughtheP. vulgarisenzymerequires2-oxoglutratefor activity, Smithetal
(116) could find no evidencethat this compoundfunctionedas a substrate.
They suggestedhat ascorbatenay serveasthe cosubstrateasit doesin the
relatedenzyme,1-aminocyclopopane-1-carboxyliacid (ACC) oxidase(22).
However,2-oxoglutrateis essentiafor full 33-hydroxylaseactivity, whereas
it servesno function for ACC oxidaseactivity. The natureof the P. vulgaris
3B-hydroxylasds unresolved.

The desaturasectivity of 3p3-hydroxylasesprovidesthe first stepin the
productionof GAz. After applying[3H]GA5 to immatureseedsof apricot,de
Bottini etal (19) obtainedchromatographievidenceor the presencef GA4,
GA3, andGAg in the products.Unequivocalkevidencefor conversionof GAsg
to GA3 via GAg wasobtainedin shootsof Zeamays(30), thusestabliking a
new biosyntlketic pathwayThere was no indicatiaimat GAs was convertetb
GA1, areductionthatis without precedenin GA biosyrthesis.Theequivalent
pathwayfor non-13-hydroxyladd GAs wasdemonstatedin cell-freesystems
from immatureseedf Marah andapple(3). Enzymeactivity presenin both
endospermand developingembryosof Marah resultsin the conversionof
GAg to GA4 and2,3-dehydroGA, whichis furtheroxidizedto GA7 (75a).The
Marah andapplesystens havea markedpreferencdor non-13-hydroxjated
substratesalthoughboth systemsconvertedGAs to GA3, GAyg wasmetabe
lizedto GA1 (3B-hydroxylation),GAxg (23-hydroxylation), andGAgg (1B3-hy-
droxylation),but notto GAs, by the Marah systemandwasunmetabdkedby
the applepreparationThe branchpathwayfrom GA,g to GA3 occursalsoin
barleyembryos(41) and may be common,althoughnot ubiquitous,in higher
plants. The conversionof GAs to GA3 hasalso beendemonstratedn pea
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shoots(93) andin a cell-freesystemfrom rice antherg(58), althoughbecause
GAg5 is not formedin thesesystems(50, 57), the function of this activity is
unclear.

The conversionsof GAg to GA3, and of 2,3-didehydroGA to GA7, are
unusualreactionghatareinitiatedby lossof the 13-H (3). Hydrogenabstrae
tion is accompanied by rearrangementthaf 2,3 double bontb the 1,2
position anchydroxylatian on C-3B. Thisenzymatic activitynayalsoresult in
the 1B-hydroxylation of GAyq and GAs, also observedin Marah (3). The
enzymethatconvertsGAs to GA3 require2-oxoglugrate but notaddedFe?*,
for activity and, in contrastwith most other relateddioxygenasesit is not
inhibitedby iron chelatorg116).Its activity, however s reduceddy Mn?*and
other metal ions, the inhibition by Mn?* being reversedby F€*. It would
appear that Fe isoundvery tightly at theactive site.

GA3 and GA; formationin maizeis apparentlycatalyzedoy one enzyme
(122). Aswell as affecting the conversionof GAyg to GA;, the dwarf-1
mutation reducesformation of GAg and the conversionof GAg to GAs. If
Dwarf-1is astructuralgene, a sing enzyme mustatalyzeall three reactions.
In contrast,the le (3B-hydroxylation) mutationof peawas purportednot to
affecttheconversion of GAto GAgz (93). Thisconclusiorwas based oaqual
growth response®f Le andle plantsto appliedGAs, which wasassumedo
haveno intrinsic biological activity. However,GAs is asactiveas GA1 and
GA3z ondwarf-1maizeshootsdespite no metabalin toGA3 by thisgenotype
(122).

The gad4 mutaton of Arabidopsisresultsin low amountsof GA1 andGA4
andanaccumulation o65AgandGAg in flowering shoots, indicatp reduced
3B-hydroxylaseactivity (129). This conclusionwas supportedby an 85%
reductionin theamountof GA1 producedrom labeledGA,qgin ga4seedlings
compared withthoseof Landsbergrectaor thega5 (20-oxidase) mutan(b5s).
The GA4locushasbeenclonedby T-DNA insertion(14). Thegeneencodes
dioxygenasehathasrelativelylow aminoacid sequencédentity with the GA
20-oxidasesit has30% identity (50% similarity) with the Arabidopsisstem-
specific 20-oxidase(GA5). Expressionof the ga4 cDNA in E. coli hascon
firmedthatit encodes 33-hydroxylasgJ Williams, AL Phillips & P Hedden,
unpublisted information)The preferredubstrate for theecombinanenzyme
is GAg, for whichtheK, is tenfold lowetthanthatfor GAoq. Thus, as with the
ArabidopsisGA 20-oxidasesthe presenceof a 13-hydroxyl group reduces
substrateaffinity for the enzyme.The enzymealsoepoxidizeshe 2,3-double
bondin GAs and 2,3-didehydroG4\ andhydroxylatescertainCo-GAs, albeit
with low efficiency. This activity could accountfor the presenceof 3(3-hy-
droxy Cog-GAs in Arabidopsis(129). However,thereare undoubtedlyother
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GA 3B-hydroxylasesactivein this species.The original EMS-inducedmuta
tion (ga4-J) resultsin semidwarfism(62), anda reductiorto about30% of the
normal contentof 3f3-hydroxy GAs (129). The mutantenzymehasan amino
acid substitdion, cysteineto tyrosine (14), that might allow a low level of
activity. The mutantwith the T-DNA insertion(ga4-2 is also a semidwarf,
phenotypicaly similarto ga4-1,with very littl e likelihood of the mutantgene
encodingan active 3p-hydroxylase. Residual growth this mutant must,
therefore, resufrom theaction ofother enzymes.

2[3-Hydroxylases and Related Enzymes

Hydroxylation on C-2f3 resultsin the formation of inactive productsandis,
therefore jmportantfor turnoverof the physiolaically active GAs. The natu
ral substrategor theseenzymesarenormally C1g-GAs, althoudh 23-hydroxy
Co-GAs arealsofoundin planttissues particularlywherethe concentration
of Cog-GAs is high (76). 2B-Hydroxylaseshavebeenpartially purified from
cotyledonsof P. sativum(118) and Phaseolusvulgaris (39, 117). Thereis
evidencethat, for both sourcesat leasttwo enzymeswith different substrate
specificities ar@resentTwo activitiesfrom cotyledonof imbibedP. vulgaris
seedswere separabléby cation-exchangehromatographyand gel-filtration
(39). The majoactivity, correspondingo an enzyme o/, 26,000by size-ex
clusionHPLC, hydroxylatedGA1 and GA4 in preferencedo GAg and GAy,
while GAg was the preferred substrdite the secon@nzyme i, 42,000).
Formationof 2-keto derivatives(GA catabolies) by further oxidation of
2B-hydroxy GAs (Figure 2) occursin severalspeciesbut it is particularly
prevalentin developig seedq119)androots(108) of pea.The conversiorof
GAygto GAyg-catabolitein peaseedsvasinhibited by prohexadione-calcium
aninhibitor of 2-oxoglutarate—dependetibxygenas€87), indicatingthatthe
reactionis catalyzedby an enzymeof this type (108). Although the slender
(sIn) mutatian of peablocksboththe conversiorof GAgto GAyg andof GAyq
to GAyg-catabolitein seedsthe inability of unlabeledGA;q to inhibit oxida
tion of radiolabeledsA,g, andvice versajndicatedthatthe stepsarecatalyzed
by separate enzymé€k08). Furthermore, in shoot tissuttse slendemutation
inhibits 2B3-hydroxylation of GA,q, but not the formationof GA,g-catabolite.
It was,therefore, proposetthiat Sinencodes a regulatoprotein(108). Forma
tion of the GA catabolitexouldbeinitiatedby oxidation eitherat C-1 or C-2a.
Althoughthereactionsequencés unknown,it is of interestthat, afterapplica
tion of labeled GAyg to leavesof pea, labeled GAg; (2a-hydroxy GAsq)
accumulates in theots,together with theataboliesof GAg andGA»g (108).
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GAg is not formedfrom GA,g and must,therefore be formeddirectly asa
resultof 2a-hydroxylaseactivity.

REGULATION OF GABIOSYNTHESIS

The role of GAs as mediatorsof environnental stimui is well established.
Factors,suchasphotoperiodandtemperaturecanmodify GA metaboism by
changingtheflux throughspecificstepsin the pathway.More recentwork has
shownthat GA biosynthes is modified by theactionof GA itself in atype of
feedbackregulation. The mechanismsinderlyingtheseregulatoryprocesses
cannow be investigaed as a resultof the currentadvancesn the molecular
biology of GA biosynthes.

FeedbaclkRegulation

Thepresencef abnormallyhigh concentrationsf C1g-GAs incertain GA-in

sensitivedwarf mutants suchasRht3wheat(5), Dwarf-8 maize(29), andgai

Arabidopsis(130), indicate a link betweenGA action and biosynthess. In

maize thereis agene-dosageffect,with a 60-foldincreasen the GA1 content
of homozygus Dwarf-8 shoots,comparedwith wild-type and a 33-fold in-

creasein the heterozygotelt was suggestedhat GA action resultsin the
productionof atranscriptimal repressothatlimits the expressiorof GA-bio-

syntheticenzymeg111). Mutantswith impaired responsdo GA would lack
thisrepressoandhaveelevatedatesof GA production.Suchplantsnormally
containsemidomnantmutations,which may resultin a gain of function (91).

It hasbeenproposedthat GA 20-oxidaseis a primary targetfor feedback
regulation(5, 18, 44). In additionto an elevatedC;g-GA content,the GA-in-

sensitivedwarfs often containlower amountsof C,-GAs than their corre

sponding wild-types, suggestig increasedGA 20-oxidaseactivity. Con

versely,overgrowthmutants suchasslender(sin) barleyandla cry® pea,that
grow asif saturatedvith GA, evenin its absencegontainreducecamountsof

C19GAs and elevatedcontentof Co-GA GAs (18, 77). It appearghat the

slendermutation activatesthe GA signal transductbn pathway,evenin the

absenceof GA, and may therebycauseconstiutive downregulatio of GA

20-oxidaseactivity.

Further supportfor feedbackregulationof GA 20-oxidaseactivity was
providedby work with GA-biosynthesiamutans. Reducedconcentration®f
Cy-GAs, as well as a highly elevatedGA,q content,are characteristicof
most 3B-hydroxylase-deficieniutans, including dwarf-1 maize(28), le pea
(96), andl sweetpea(109). Treatmentof the maize(44) or pea(77) mutants
with 2,2-dimethyGA,4, a syntheticand highly bio-active GA, restoredthe
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concentrationef GAyg andGA g to thoseof wild types.Although the change
in GA contentsin the foregoingexampless associatedvith alteredgrowth

rates,the effectof GA actionon GA metaboism is not a consequencef the

changean growthrate.For example therearenumerousGA-insensitve dwarf

mutantswith normalGA contentsjn which the mutatian, normally recessive,
is likely to affect processeshat are not part of the primary responseéo GAs

(99, 105).

With the availability of GA 20-oxidasecDNA clones,it hasbeenpossible
to begina moleculaanalysisof thefeedbackmechanismTranscript levels for
eachof the three ArabidopsisGA 20-oxidasegenesare much higherin the
gal-3(CPS-deficientmutantthanin Landsbergerectaandarevery substan
tially reducedby treatingthe mutantwith GA3 (92). The reductionoccurs
within 1-3 h, long beforea growth responsds discernible(AL Phillips, D
Valero& P Hedden, unpublishedformation),confirming that iis notrelated
to growth-rateand indicating thahe messagés turnedoverrapidly. Thelevel
of mRNA for the stem-specificGA 20-oxidaseis alsohigherin the ga5
(GA-deficient)andgai (GA-insensitve) mutantsthanin the wild type (146).
Treatmenbf ga5and,to alesserextent,wild-type with GA4, causedareduc
tion in GA 20-oxidasdranscriptlevels,whereadreatmenf gai resultedin a
slight increasein 20-oxidasemRNA. Strongdownregulationof GA 20-oxk
dase transcrigevelsby GA hasalso beermbserved irpea (77)and rice(137).
Low endogenoussA concentrationas in mutantsor after treatmentwith a
biosynthess inhibitor, consistentlyresultedin increasednRNA levels.Con
versely thesdevelsweresubstaritlly reduced by applicatioof GA. Further
more,leavesof the slender(la cry®) peamutantcontainedonly smallamounts
of 20-oxidasetranscript,consisent with strong downregulationof geneex
pression(77).

Otherenzymesin the pathway,particularlythe GA 3p-hydroxylasemay
alsobe subjectto feedbackegulation.Treatmenbf seedlingf the GA-defi-
cientna mutantof peawith 2,2-dimethyGA, causeda slight reductionin the
conversionof GA1g to GAyq, but a muchgreaterreductionin GAyg metabe
lism (77). Furthermore, Chiangt al(14) found much mor&A4 (33-hydroxy
lase)transcriptin rosetteleavesof ga4 mutans thanin Landsbergerecta,and
that treatmentwith GA3 reducedthe amountof transcriptwithin 8 h. It is
possiblethatseveral enzymeare subjecto regulatiorby GA; the identites of
others mayemerge whemore enzymesf the pathwayave been cloned.

Regulationby Light

The involvementof GAs in the photoperiod-iducedbolting of long-dayro-
setteplantsis well documented38). Transferof Silenearmeria plantsfrom
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shortdays(SD) to long days(LD) causeshe GA1 contentto increaseseveral-
fold, particularly in the subapicalregion, with a decreaseén GAs3 content
consistenwith increasedsAsz metaboilsm (131,133, 134). In spinach(Spk
nacia oleraceg, changesn GA concentrationg135) and enzymeactivity in
cell-freesystemdq36) on transferfrom SD to LD areconsistentvith enhanced
oxidationof GAszandGA1gin LD. Theactivitiesof GAg3 andGA g 20-0xi
dases,now known to be the sameenzyme(145), increasein the light and
decreaseén the dark (36). Furthermorethereare higher amountsof GA 20-
oxidasemRNA in plantsgrownin LD thanthosein SD or in total darkness
(145). It hasbeensuggestedhat, in LD, thereis sufficient GA 20-oxidase
activity to raisethe GA; concentratiorabovethe thresholdrequiredfor stem
extension(135). In fact, light appeargo increasethe total flux throughthe
pathway becausentkaurene synthesis alsoenhancedn LD in spinachand
in Agrostemmaithago (149). Although GAs3 20-oxidaseactivity is regulated
by light, oxidation of GA44, in the lactoneform, remainsat high, constant
levelsirrespectiveof light or dark treatment(36). As discusseckarlier, this
latter activity is probablybecausef anotherenzymewhichis not underlight
regulation.

Despitemanyattemps to implicateGA metabolisnin phytochrone-medi
atedchangesn growth rate, supportingevidenceis sparse Enhancemenof
GA, 3B-hydroxylatin by far-red light has beenobservedin lettuce (138,
139) and cowpeaepicotyls (25, 31, 78, 79). In the latter case,higher GA1
concentrations in plants grown in far-ieght wereduealsoto reduced-hy-
droxylationandwereaccompanietyy heightenedissueresponsiveness GA
(78, 80). However, in peas,enhancedshoot elongationby treatmentwith
far-red-richlight wasnot associatedavith increased>A; content(100). There
is alsono evidenceto suggesthat dark-grownpeas(34, 120, 143) or sweet
peas(109) contain more GA; than light-grown plants. In fact, work with
phytochrome-and GA-deficientmutantsof peaindicatesthat growth inhibi-
tion by red light, which is mediatedby phytochrone B, is due to altered
responsivenesto GA, ratherthanto changesin the concentrationof GA1
(143).Severaphytochrome-deficiennutans, suchasthe ein mutantof Bras
sicarapa(21) andthe ma@,R mutantof Sorghum(15, 16), havean overgrowth
phenotypeandwereoriginally thoughtto containabnormallyhigh GA levels.
Although the GA; contentof theseplants may be elevated(7, 104), this is
apparentlynot the causeof their alteredphenoty. PhytochromeB-deficient
mutantsof cucumbel(74) andpea(143) containcomparablemouns of active
GAs to the wild types,but showan enhancedesponsdo GAs. In Sorghum,
alteredGA contentis dueto a shift in the phaseof adiurnalfluctuationin GA
concentrationg26). It was proposedthat phytochromedeficiencydisrupted
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diurnalregulationof the conversiorof GA1gto GAyq, resultingin a 12-hshift
in the peaksof GAyg andGA1 concentrationsyhereaghe patternof fluctua
tion in the levelsof GA12 andGAs3was unaffected.

Gibberelln metabolisn is sensitve to light quantiy. When peaseedlings
were grown in low irradiance (40 pmol e m= e s_l), GAyp concentration
increasedevenfoldcomparedvith plantsgrownin highirradiance(386 umol
em?e _1) (34), whereasn plantsgrownin the dark,the GA,q contentwas
reducedto 25% of that in high irradiance.Moreover, the responseof the
seedlingto exogenoussA; washeightenedn the dark. Theseresultsindicate
thattherateof GA 20-oxidatim is sensitive to light fluence;with the cloning
of GA 20-oxidasesow reportedfor manyspeciesthemechanisraunderlying
this processas well as the diurnal fluctuation in GA biosynhesis can be
probed.

Regulationby Temperature

Induction of seedgermination(stratificatian) or of flowering (vernalization)
by exposureto low temperaturesare processesr which GAs have been
implicated.There are, howevefew examplesn which GAs have been shown
unequivocally tonediatethetemperaturastimuus. The mostextensivey stud
ied systemis Thlaspi arvense,in which stem extensionand flowering are
induced by exposureto low temperaturedollowed by a returnto higher
temperature$82). The sameeffectcanbe obtainedwithout cold inductionby
applicationof GAs, the mostactive of thosetestedbeing GAg (83). In nonin
ducedplants, entkaurenoicacid accumulatego high concentrationsn the
shoottip, the site of perceptionof the cold stimulus, whereasafter vernaliza
tion andreturnto high temperatureghe level of this intermedatefalls within
daysto relativelylow values(43). Metabolsmof labeledentkaurenoicacid to
GAg could be demongtatedin thermo-inducedshoottips, but not in nonin
ducedmaterial(42). Furthermoremicrosones from inducedshootsmetabe
lized entkaurenoicacid and entkaurene,but microsomesfrom noninduced
shootsweremuchlessactivefor both activities (43). Leaves,or microsomes
extractedfrom leaves,from thermo-indeed and noninducedplants metabe
lized entkaurenoicacid to the sameextent. Theseresultsare consistenwith
regulationof entkaurenoicacid 7B3-hydroxylaseand,to a lesserdegree ent
kaurene oxidasky coldtreatmenin shoottips of Thlaspi.

A changen GA contentfollowing vernalizationwasfoundin shoottips of
Brassicanapus,in which GAs, including GA; and GA3, accumulatedaluring
thecold period(148).Thehigherratesof GA productionin vernalizedyelative
to nonvernalizedplantsappearedo persistfor 1-2 weeksafter the returnto
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high temperaturesln contrastto thesefindings, there was no evidenceto
suggestthat GAs were the signal for cold-inducedflowering in Raphanus
sativus(88) orTulipagesneriang97).

Although the mechanisnfor thermo-indiction of GA biosyntesisis not
yetknown, it hasbeensuggestedhat cold treatment may allow increasates
of geneexpressionpossiby via demethyation of the promoers (11). Some
circumstantial support fdahis theorywasobtainedoy reducingDNA methyla
tion in Thlaspiandlate-floweringecotypesof Arabidopsisby treatmentwith
5-azacytidine Flowering times in noninduced plants were reducedin both
cases Confirmation of this theory must await the isolation and charac
terizationof the 73-hydroxylasegene.

SITES OF GABIOSYNTHESS

Developmentalregulation of GA biosyrthesis is determined mainly by

changesn plant ontogenyduring developmentaind the tissuedistribution of

individual enzymef the pathway Work with legumesndicateghat GA-bio-

synthesiccursmainly in activelygrowingtissueswith leavesandinternodes
importantsites(113, 114). Gibberellin 20-oxidasetranscriptlevels are much
higherin pealeavesthan in internodes(32). The same20-oxidasegeneis

expressedn shoots young seedsand expandingpods (32), but a different
geneis expressedn developingcotyledons(73). Orthologuesof the peaGA

20-oxidaseswith similar patternsof gene expression,were cloned from

Frenchbean(32), anda third gene,which is expressedn developingcotyle

dons,leaves, andoots,was also detected this species.

The tissue-specifiexpressiorof the GA 20-oxidasegenes,also notedin
Arabidopsis(92), has not beenfound for CPS (2, 124), KS (147), or GA
3B-hydroxylase(14). Whereasdifferent GA 20-oxidasegenesare expressed
during peaseeddevelopmentthe sameCPSgeneis expressedn a biphasic
manner,correspondingvith the two stagesof GA production(2). The first
phasewhichresultsin theproduction 0fGA; andGA3 (33,103),is associated
with seeddevelopmen{126—128)andpod growth (33, 103).Both endosperm
andtestaarepotental sitesof synthess (103). The secondohaseoccursin the
developingembryoand hasno known physiobgical function. As seedsap-
proachmaturity thereis oftenanincreasedn 2-oxidatian activitiesin embryos
andtesta(4, 119). The physiobgical significanceof this deactivationrmecha
nismis vividly demonstratedby the slender(sln) mutantof pea,which accu
mulateshigh concentrationof GAyg in the mature seeddue to a lack of
2-oxidaseactivities(102,107,108).0n germinatn, theGAyqis 3pB-hydroxy-
latedto GA1, resultingin overgrowthof the first 10-12internodeg102). An
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intriguing phenotypeavasobtainedoy crossingslendemwith na,a GA-deficient
dwarf, blockedat an intermedia¢ stepin the biosyrthetic pathway,but not
expressedn the developingseed(49). The double mutantis phenotypcally
slenderto the six-leafstage butthereafteiis severelydwarfed(108).Crossing
slenderwith le (3B-hydroxylase-deficientproduceda dwarf from emergence,
asdid crossingwith Ih', which blocks at entkaureneoxidasein seeds(127)
and preventthe accumulatio of GApg (108).

Gibberelln productionin the pericarp of developgnfruit may be impaant
for fruit growth, particularly in the absenceof seeds(132). Work with pea
indicatesthatthe presencef seedsstimulaesGA biosynttesisin the pericarp
(90, 141). Both seedsand4-chloroindole-3-acetiacid, the proposedseed-de
rived signal, stimulatd the conversionof GA1g to GAyq in peapods.How-
ever,thefinding that GA 20-oxidasdranscriptlevelsin pericarpfrom seeded
peafruit aremuchlower thanin seedles$ruit (32) doesnot supportaregula
tory rolefor GA 20-oxidatia in fruit developmenin this species.

CONCLUDING REMARKS

Researchon GA biosyrthesis has reachedan exciting stage.cDNA and
genomiccloneshavebeenobtainedfor five typesof enzymejncluding mem

bersof eachof the threeenzymaticclassescyclasesmonooygenasesand
dioxygenasesThe cloning of eachenzymein the pathwayshouldbe achieved
within the next three to five years.The availability of clonesis enabling
significantadvancesn severaldirections.Enzymescan be preparedoy het

erologousexpressiornn sufficientquantitiesfor detailedstudies on theistruc

tureand function, anfbr the production ofantibodes.Promoter-reportegene
fusions,in situ hybridization, and immurolocalizationcan be usedto deter

mine cellular and subcellularsitesof synthesislt is possibé to examinethe
regulationof individual enzymesat the transcriptand protein levels. Such
studiesare alreadyyielding important information on the regulationof GA

20-oxidaseranscriptabundancdy GA actionandby light, andon the deve}

opmentakontrolof CPS an&KS gene expression.

From a practicalstandpant, it will be possibleto manipuate GA produc
tion in transgeniglantsby alteringthe expressiorof individual genes.This
technologyoffers an alternativeto the useof chemicalgrowth regulatorsfor
the control of plant developnent. It also providesa meansto alter the abur
danceof specificenzymesandtherebydetermingheir contributionsto theflux
throughthe biosynietic pathwayFor examplepverexpressionf GA 20-oxk
dasecDNAs in Arabidopsisresultsin acceleratedbolting, confirming thatthe
activity of this enzymeis rate-limiting for this developmentaprocess(53).
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Experimentsof this type may provide new insights into the role of GAs in
plantdevelopment.
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